Mitochondria play a significant role in shaping cytosolic Ca 2+ signals. Thus, transfer of Ca 2+ across the mitochondrial membrane is much studied, not only in intact cells but also in artificial systems such as mitochondrial suspensions or permeabilised cells. Observed rates of Ca 2+ changes vary by at least one order of magnitude. In this work, we investigate the relationship between the Ca 2+ dynamics observed in various experimental conditions using a computational model calibrated on experimental data. Results confirm that mitochondrial Ca 2+ exchange fluxes through the mitochondrial Ca 2+ uniporter (MCU) and the Na + /Ca 2+ exchanger obey the same basic kinetics in cells and in suspensions, and emphasise the important role played by the high Ca 2+ levels reached in mitochondria-associated endoplasmic reticulum membranes in intact cells. Tissue specificity can be ascribed to the different modes of regulation of the MCU by Ca 2+ , probably related to the specific levels of expression of the Ca 2+ sensing regulator subunit of this channel. The model emphasises the importance of mitochondrial density and buffer
Introduction
Mitochondria are the intracellular organelles responsible for oxidative phosphorylation in all mammalian cells. Mitochondrial metabolism depends on many factors, as for example the number of mitochondria per cell or the kinetics of the Ca 2+ transport system. Although widely studied in various types of experiments, the tissue-specific and conditions-dependent behaviour of mitochondria is rarely studied from a quantitative point of view, despite the practical and conceptual benefits that could be drawn from the analysis of such closely intertwined data. Mitochondrial Ca 2+ controls metabolism by activating dehydrogenases of the Krebs cycle.
Upon cell stimulation, mitochondria uptake cytosolic Ca 2+ through the mitochondrial Ca 2+ uniporter (MCU) and release it via Na fluxes has been much investigated in suspensions of isolated mitochondria, in permeabilised and intact cells. Observed Ca 2+ exchanges vary by order of magnitude, both in time scale and amplitude.
Modelling approaches have often been successfully used to investigate Ca 2+ dynamics [1] [2] [3] . The aim of the present study is to investigate how observations about Ca 2+ dynamics in different experimental studies and on mitochondria isolated from different tissues can be understood in a unified framework. Experiment-based modelling provides a good tool to perform such a study as the differences in experimental conditions correspond to well-identified changes in the evolution equations used to describe the system mathematically, while tissue specificities correspond to different values of the kinetic parameters. We have based our approach on a model describing Ca 2+ dynamics in the three main cellular compartments [cytosol, endoplasmic reticulum (ER) and mitochondria], which we have proposed recently [4] . In the present work, we first performed experiments to quantify the kinetics of Ca 2+ pumping by mitochondria in suspension, isolated from hepatocytes. We questioned the link between these observations and the dynamics of Ca 2+ exchanges between the cytosol and mitochondria in intact hepatocytes. We found that both types of observation can be described by the same model, taking into account the differences between an intact cell and a suspension of mitochondria in the equations. Next, we addressed the question of tissue specificity by considering the reported changes in expression and Ca 2+ regulation of the MCU between hepatocytes and cardiac cells. Taking into account this tissue specificity of the MCU, as well as the cardiac intra-mitochondrial Ca 2+ buffering system, we found that the same model reproduces the dynamics of mitochondrial Ca 2+ increase in permeabilised ventricular myocytes subjected to square-wave pulses of high Ca 2+ . Finally, we used this model to address the general question of the possible physiological significance of the heterogeneity between individual mitochondria.
Results
The main aim of this work is to provide a unifying framework to study mitochondrial Ca 2+ dynamics observed in various conditions and different cell types. Thus, we investigated if a model proposed previously for mitochondrial Ca 2+ dynamics in intact, non-excitable cells can account for experimental observations performed in mitochondrial suspensions and permeabilised cells in various conditions. In the following, we summarise the main features of this model and present how equations and parameter values have to be adapted to simulate different experimental set-ups and cell types.
Model applied to Ca
2+ dynamics in a suspension of hepatocyte mitochondria
We based the present study on our previous model [4] -ATPase (SERCA) pumps and IP 3 receptors] as the ER is not present in a mitochondrial suspension. Secondly, we put aside the adenine nucleotide part as the amounts of cytosolic ATP and ADP in the medium are very low. Thus, the evolution equations for cytosolic and mitochondrial ADP and ATP are not considered, and the associated fluxes are set to zero in the evolution equation for voltage [5, 6] . Because there is no entry of ADP into mitochondria, the concentration of mitochondrial ADP is also set to zero while [ATP] m equals A TOT m , i.e. the total concentration of mitochondrial adenine nucleotides. The malate-aspartate shuttle is also inactive, as there are neither of these compounds in the medium. Finally, the Ca 2+ leak flux, which is thought to be the mitochondrial permeability transition pore (mPTP), is not considered in the model. Indeed, in a mitochondrial suspension, and at this time scale, this flux appears to be negligible. This is supported by experiments with cyclosporin A (see Fig. 3D below) .
After these simplifications, four evolution equations and one conservation relation (Eqns 1-5) remain. All the processes described by the model are schematised in Fig. 1 .
• Ca 2+ concentration in the extra-mitochondrial (em) medium:
f em is the Ca 2+ buffering capacity of the external medium, considering the rapid buffering approximation [7] . It corresponds to the ratio between free and total Ca 2+ concentrations in the medium. The volumic ratio of mitochondria is taken into account via d ¼ V m =V em (see below for the estimation of this parameter). J MCU is the Ca 2+ import into mitochondria, through the MCU (Eqn S2). This flux depends on the voltage difference across the mitochondrial membrane, and is cooperatively activated by Ca 2+ . . In electrically non-excitable cells, the extrusion of Ca 2+ may also occur via HCX. The contribution of this transporter, thought to be the leucine zipper EF hand containing transmembrane protein 1 (LETM1), is still an ongoing issue. We consider here that J CX gathers both the NCX and HCX activities [8] [9] [10] . The equation for this flux has been modified from Wacquier et al. [4] : the original simplified expression is indeed not accurate at the high mitochondrial Ca 2+ levels encountered in a suspension. We took the full expression from Cortassa et al. [11] . J in allows simulation of the Ca 2+ pulses added during experiments (Eqn S1).
• Mitochondrial Ca 2+ concentration:
f m is the Ca 2+ buffering capacity of mitochondria. It is assumed to be the same as in intact cells [4] .
• Mitochondrial NADH concentration:
J PDH is the mitochondrial NADH production during the Krebs cycle by pyruvate dehydrogenases (PDH; Eqn S4). These reactions are Ca 2+ -sensitive. NADH is then oxidised in the electron transport chain (ETC), which is described by J O (Eqn S5).
• Voltage difference across the inner mitochondrial membrane (positive corresponding to an excess of positive charges in the cytosol):
The energy provided by NADH oxidation is used to extrude protons out of mitochondria. J O is multiplied by the parameter a 1 that scales the NADH consumption into voltage change due to the proton flux. J H,leak stands for the ohmic mitochondrial proton leak (Eqn S6). C p is a constant that scales molecular fluxes into voltage changes. It includes both the membrane capacitance and the Faraday constant.
• Conservation of total (oxidised and reduced) NADH:
The parameters values are the same as in our previous model for intact cells [4] except for the following:
• The binding constants of Ca 2+ to the MCU (see below for the rationale behind this change).
• The value of d standing for the ratio between the mitochondrial and the extra-mitochondrial volume.
In the present work, it is computed on the basis of the mitochondrial concentration used in the experiments, i. up to a final concentration of 5 lM, the decrease in Ca 2+ in the preparation was followed by spectrophotometry. Thus, in Fig. 3A ,E, the initial rise corresponds to the addition of Ca 2+ . The maximal level of free Ca 2+ reached in the medium is lower than 5 lM due to the buffering. The decrease in Ca 2+ seen in the medium corresponds to Ca 2+ influx into mitochondria. To simulate Ca 2+ pulses with the model, we used an ad hoc formulation based on two Heaviside functions (J in , Eqn S1). This pulse lasts 1 s (the approximative time to add the calcium in the experiments). During the application, J in is set to 5 lMÁs À1 (as in all the experiments in this work), and is null otherwise. We adapted parameter f em reflecting the buffering [11] and this work capacity of the external medium, since the composition of this medium is not similar to that of the cytosol. Its value is not precisely known and depends on the experimental procedure. We calibrated f em by using the amplitude of the measured calcium spikes in experiments (Fig. 3A) . On average, an addition of 5 lM leads to a spike in free Ca 2+ , the amplitude of which equals 0.45 lM. To reproduce this amplitude with our model, we set f em to 0.09. As an initial value for Ca 2þ em , we took the average of the basal Ca 2+ levels observed in all experiments, while initial Ca 2þ m has been estimated computationally as the steady-state value corresponding to the observed Ca 2þ em (Fig. 2 ). Simulations were first performed with the same set of parameter values as in Wacquier et al. [4] . A simulation with these parameters is presented in Fig. 3C , in blue. We focused on the rate of Ca 2+ decrease in the extra-mitochondrial medium after the simulated addition of external Ca 2+ . More specifically, we computed the time at which the Ca 2+ level reaches the concentration corresponding to the average between the basal level of Ca 2+ at very long times and the maximum of the spike, as indicated in the inset in Fig. 3A . In the remainder of the text, we will refer to this time as the 'decrease time'. With the parameter values corresponding to our work in intact cells [4] , the decrease time in the medium is equal to 2.2 s (Fig. 3C, blue curve) . In experiments performed on suspensions of mitochondria isolated from hepatocytes, we measured a much longer decrease time, equal to 13.45 AE 1.5 s (Fig. 3A , black curve and Fig. 3D ). This large decrease time observed in experiments could be reproduced in our simulations when considering other dissociation constants for Ca 2+ binding to the MCU than those used in our study of intact cells. More specifically, if these values were increased up to 25 and 1.6 lM for the transport and activation site, respectively, the model predicts a decrease time of 14.3 s. Interestingly, these latter values for K 1 and K 2 are in agreement with the kinetic characterisation of the MCU reported in the literature [16] [17] [18] . Indeed, the red curve in Fig. 4A shows the activity of the MCU computed with K 1 = 25 lM and K 2 = 1.6 lM. It can be seen that the half-maximal activity occurs at~3 lM cytosolic Ca 2+ , which lies in the range of experimentally reported values (3.4 lM in HeLa cells [17] , 4.0 lM in hepatocytes [16] ). Thus, agreement between experimentally observed and simulated kinetics of Ca 2+ entry into mitochondria can be obtained with realistic values for the Ca 2+ binding to the MCU. What could be the origin of this apparent discrepancy between simulations of intact cells and of suspensions? We reasoned that a major difference pertains to the absence of mitochondria-associated ER membranes (MAMs) in the latter conditions. The MAMs delimit microdomains between the ER and the mitochondria, where Ca 2+ can attain high concentrations [19] . MCUs are located in these microdomains, and, in intact cells, can consequently be confronted with locally high calcium concentrations. In suspensions in contrast, these microdomains do not exist as Ca 2+ is not released from the ER but added by the experimentalist in the whole medium. In a model, microdomains with higher Ca 2+ concentration can only be reproduced when taking spatial aspects into account (see Qi et al. for example [20] ). As the model for intact cells did not consider spatial aspects, the values of K 1 and K 2 in this version of the model must be viewed as global cytosolic Ca 2+ concentrations at which the MCU becomes active (see blue curve in Fig. 4A) made logically corresponds to the absence of MAMs in mitochondrial suspensions. At this stage, we checked the possible involvement of the mPTP in the process of Ca 2+ exchange between mitochondria and the medium. Indeed, in intact hepatocytes, Ca 2+ flux through the mPTP occurs in physiological conditions as the inhibition of the PTP by cyclosoprin A leads to an increase in the period of Ca 2+ oscillations [22] . Quite unexpectedly we found no significant difference in the rates of Ca 2+ exchange in mitochondrial suspensions when the experiments were performed in presence of cyclosoprin A (Fig. 3D) , suggesting that the PTP plays a very minor role in Ca 2+ movement in these conditions. This is why a Ca 2+ flux through the PTP is not considered in Eqns 1 and 2 (see above).
In the following, we validated the model by computational predictions. We first performed simulations with two different mitochondrial concentrations, varying the parameter d that represents the ratio between the mitochondrial and the extra-mitochondrial volume in the suspension (Fig. 3B) . As expected from Eqn 1, the model predicts a speed-up of Ca 2+ decrease in the medium when the mitochondrial volume is increased. This higher rate is due to a larger rate of Ca 2+ entry into mitochondria when the mitochondria are more numerous. The model predicted decrease times of 14.3 and 7.9 s when d equals 0.001 and 0.002, respectively. Considering that the mitochondria have a density of 1000 mg prot ÁmL m À1 , these d values correspond to a mitochondrial concentration of 1 and 2 mg prot Ámg em À1 , respectively. When changing the mitochondrial concentration accordingly in experiments, the same trend was observed (Fig. 3A) . We found average decrease times of 13.45 AE 1.5 s and 10.3 AE 1.4 s for 1 and 2 mg prot ÁmL em À1 , respectively. We thus conclude that higher concentrations of mitochondria increase the rate of Ca 2+ decrease in the extra-mitochondrial medium. Moreover, in the model and in experiments, Ca 2+ levels in the medium are lower when the concentration of mitochondria is larger. Inside mitochondria, a change in d mainly affects the Ca 2+ levels (see dashed curves in Fig. 3B ).
The Ca 2+ buffering properties of the medium can also alter the rate at which Ca 2+ decreases in the medium and enters into mitochondria. In the experiments, we do not have quantitative control of the Ca 2+ buffering. However, for each experiment, we inferred the buffering capacity of the medium from the observed increase in free Ca 2+ in response to the addition of exogenous Ca 2+ up to a final concentration of 5 lM. Two experiments corresponding to different buffering capacities of the extra-mitochondrial medium are shown in Fig 3E. In this figure, the changes in buffering capacities also show up in the initial levels of Ca
2+
. When Ca 2+ is less buffered in the medium, its concentration decreases faster (Fig. 3E, red curve) . For a set of experiments corresponding to the same buffering capacity of the medium, we found that the decrease time equals 5.3 AE 1.9 s. To compare with the model, we changed the parameter f em from 0.09 (previous simulations) to 0.125 as the latter value corresponds to a 5 lM Ca 2+ addition leading to a~0.6 lM increase in free Ca 2+ concentration as seen in experiments. As shown in Fig. 3F , simulations then predict a faster Ca 2+ decrease (characteristic time equal to 9.2 s), in qualitative agreement with experimental observations. Thus, model predictions and experiments highlight the essential roles played by the concentration of mitochondria and the buffering capacity of the medium in ] em in suspensions of mitochondria isolated from hepatocytes.
Model applied to Ca
2+ dynamics in permeabilised cardiac cells
Investigation of Ca
2+ dynamics in cardiac cells has been accompanied by many modelling approaches taking mitochondria into account [11, [23] [24] [25] [26] . To question the possible cell-type specificity of mitochondria in relation to the Ca 2+ handling, we tested if the model described in the preceding section can also account for experimental observations about Ca 2+ dynamics in heart cell mitochondria. We focused on the experiments performed on permeabilised cat ventricular myocytes [27, 28] . In these experiments, the temporal pattern of extra-mitochondrial Ca 2+ is quantitatively controlled by a rapid pressure ejection system allowing imposition of square-wave Ca 2+ pulses of well-defined amplitudes, frequencies and durations. Thus, the evolution of extra-mitochondrial Ca 2+ is described in this model by:
where heav and mod are the heaviside and modulo functions, respectively. s is the period of stimulation and t on is the duration of the Ca 2+ pulse. Equation 6 thus replaces Eqn 1. Eqns 2-5 as well as the expressions for the fluxes (Eqns S2-S6) remain unchanged. The two classes of mitochondrial Ca 2+ buffers identified in cardiac mitochondria are taken into account by considering that f m appearing in Eqn 2 is given by the expression proposed by Bazil et al. [13] , i.e.: [29] . This observation had early suggested that the Ca 2+ uptake capacity of the MCU is smaller in cardiac cells than in electrically non-excitable cells such as hepatocytes [30, 31] . It has been shown recently that such tissuespecificity of the MCU relies on different relative abundances of the pore-forming protein of the uniporter and its Ca 2+ -sensing regulator MICU1 [16] . As the heart cells express a relatively lower level of MICU1, the MCU has a larger Ca 2+ transporting capacity at low Ca 2+ than in other cell types such as hepatocytes. By contrast, the Ca 2+ carrying capacity of the hepatocyte uniporter is almost two times larger at high Ca 2+ concentrations. MICU1 controls the allosteric activation of the uniporter by Ca 2+ , on its cytosolic side [17] . In agreement with the assumption of Paillard et al. [16] , a decrease of both K 2 measuring the level of Ca 2+ required to activate the channel and V MCU to simulate the lower expression level of the uniporter in cardiac cells leads to a larger flux J MCU at low Ca 2+ and a smaller one at high Ca 2+ (Fig. 4B) . The change in cooperativity suggested by Paillard et al. [16] was found to be unnecessary to account for their observations in the framework of the Monod-Wyman-Changeux description of the uniporter regulation used in Eqn S2.
In conclusion, a change in the values of two parameters characterising the MCU (activation constant K 2 and rate constant of the MCU V MCU ) allows simulation of the tissue differences of the uniporter activity in hepatocytes and in cardiac cells. We next investigated if this could allow reproduction of observations about Ca 2+ handling in cardiac mitochondria.
Simulations of Ca 2+ dynamics in mitochondria of permeabilised cardiac cells
Cardiac myocytes display fast cytosolic Ca 2+ spikes and the ability of mitochondria to follow such rapid changes has long been questioned. In particular, Sedova et al. [27] have developed an experimental system to monitor Ca 2+ changes in mitochondria of permeabilised cardiomyocytes subjected to fast [Ca 2+ ] em transients controlled by a pressure ejection set-up. They showed that [Ca 2+ ] m is highly sensitive to changes in the frequency and duration of the [Ca 2+ ] em increases at time scales smaller than 1 s. Given the much longer time scales characterising Ca 2+ clearance in suspensions of hepatic mitochondria, we questioned the ability of the same model to reproduce both types of experimental observations. The changes in the equations to describe the experimental set-up have been described here above. We took into account the cardiac specificity of the MCU that has been identified experimentally (Fig. 4B ) and the Ca 2+ buffering system characterising cardiac mitochondria [13] .
In the model as in experiments, high-frequency and large amplitude [Ca 2+ ] em increases are partly transmitted to mitochondria and result in a progressive increase in [Ca 2+ ] m , as the rates of Ca 2+ increase and recovery are slower in mitochondria than in the extramitochondrial medium. Interestingly, the global rate of rise in [Ca 2+ ] m depends on the duration of the spikes (t on , Fig. 5A) and on their period (s, Fig. 5B ). This behaviour stems from an influx faster than the efflux, at low [Ca 2+ ] m . Indeed, in such conditions, the Ca 2+ increase integrated over one period is positive for interspike intervals at least~4 times larger than the spike durations. As visible in Fig. 5A ,B, stimulatory protocols with t on = 0.2 s and s = 2 s, or t on = 0.5 s and s = 4 s do not induce any significant Ca 2+ rise in mitochondria, in agreement with observations of Sedova et al. [27] . Frequency sensitivity is moreover only observed in the presence of Na + , allowing the activity of the NCX that removes Ca 2+ from mitochondria. In the absence of Na ] em as seen for example by the level reached after 5 s constant exposure or after five peaks of 1 s duration (red crosses in Fig. 5C ).
Thus, from the agreement between experiments on permeabilised cardiomyocytes and their simulations using the same initial model, we conclude that, despite the very different time scales involved, Ca 2+ fluxes into and from mitochondria are intrinsically similar in hepatocytes and in cardiac cells. Observed differences in behaviour and in time scales can be ascribed to different protocols, to the different regulations of the MCU by Ca 2+ and to the specificity of Ca 2+ buffering in cardiac mitochondria.
Heterogeneity of mitochondria
Up to now, mitochondria have been considered in the model as a common pool. This approach, used in all modelling approaches to the best of our knowledge, does not take into account that mitochondria are small organelles that display some heterogeneity in their Ca 2+ responses, possibly due to different levels of 
expression of their Ca
2+ transporters and buffering capacities [32, 33] . As a first step to investigate the physiological consequences of this heterogeneity, we performed a sensitivity analysis of the model. In Fig. 6 , we computed the rate of Ca 2+ decrease in the extra-mitochondrial medium when each parameter is taken between 90% and 110% of its default value.
In addition to the rate of Ca 2+ entry through the MCU, which is directly proportional to the level of expression of this uniporter, the buffering capacity of the medium (f em ) and the ratio between mitochondrial and cytosolic volumes significantly affect the decrease time. A decrease in the values of any of these three parameters (lighter blue circles in Fig. 6 ) increases the rate of Ca 2+ decay in the medium. In reality, cells possess a population of individual mitochondria, which slightly differ by the level of expression of proteins and channels. We thus next considered the situation where the same global mitochondrial volume corresponds to various numbers of individual mitochondria. To this end we consider n mitochondria, each one being characterised by a volume ratio
In Fig. 7 , we show the results of simulations performed with 5, 50 or 500 mitochondria. For each individual mitochondrion, the values of the parameters are taken in a Gaussian distribution centred around the default value, and with a r = 10%. The rate of Ca 2+ decrease in the medium can vary bỹ 15% at most with respect to the case where only one unique mitochondrial compartment is considered. As expected intuitively, the steady-state level of Ca 2+ in the medium is almost unaffected. In contrast, the levels of Ca 2+ reached in the mitochondria present a broad distribution, with the average value being very close to the value obtained with a single mitochondrial compartment with the default values of the parameters. 
Discussion
Mitochondrial Ca 2+ handling plays a fundamental role in cellular Ca 2+ dynamics and homeostasis, as well as in the regulation of cellular metabolism, allowing the coupling of ATP supply with energy demand. Thus, this process is much studied in various experimental conditions and making the link between these observations is most of the time not intuitively obvious. On the other hand, the question of cell-type specificity is also relevant as cells from different tissues display different Ca 2+ dynamics and exhibit different energy requirements. In the present work, we have investigated this question on the basis of a modelling approach. The rationale is indeed that the same core model should be able to reproduce all types of experiments if appropriate changes in the equations and in the values of the parameters are made to take into account the experimental conditions and the cell type, respectively.
We first validated the adequacy of our model (Wacquier et al. [4] ) proposed previously for cellular Ca 2+ dynamics and the shuttling of Ca 2+ between the main three intracellular compartments (cytosol, ER and mitochondria) to account for Ca 2+ dynamics in suspensions of hepatic mitochondria. This model was in the line of previous ones aimed at describing mitochondrial and cellular Ca 2+ dynamics in electrically non-excitable cell types [12, 14, 34] . To this aim, we analysed the rates of Ca 2+ decrease in the extra-mitochondrial medium containing mitochondria isolated from hepatocytes. Good agreement was found when considering that the whole cell and the suspensions differ in that the MCU environment is not the same in the two systems. Indeed, while in intact cells, the close apposition between the ER and the mitochondria in MAMs offers a privileged route for the Ca 2+ released from the ER via the IP 3 receptors to enter into mitochondria via the MCU, such a micro-environment is not effective in the suspension. There indeed, Ca 2+ is added in a medium that does not contain ER. We found that if this difference is not taken into account, the model for cellular Ca 2+ dynamics fails to reproduce the kinetics of Ca 2+ decreases in suspensions of mitochondria by a factor of 5. This result thus provides an indirect demonstration of the physiological importance of MAMs, which has been much Table 1 . The lightest colours correspond to the lowest values of the parameters (90%). Fig. 7 . Influence of the number of individual mitochondria on the simulated dynamics of Ca 2+ uptake by mitochondria. Each simulation is performed as for the black curve of Fig. 3C . For the three columns, the mitochondrial volumic ratio is kept the same. Individual mitochondria slightly differ by their parameters (r = AE10% in a Gaussian centred around the default value given in Table 1 ). In each case, simulations were performed 100 times. Row 1 shows the decrease time as defined in Fig. 3 . Row 2 shows the basal level of Ca 2+ after the peak. Row 3 shows the concentration of Ca 2+ in individual mitochondria after the peak.
emphasised previously [19] . The comparison between computational and experimental results also allowed us to uncover that the density of mitochondria is a key factor affecting the rate of Ca 2+ decrease in the medium. This parameter, which is not always clearly indicated in the protocols, also much influences the steady-state level of Ca 2+ before and after the Ca 2+ pulse. The buffering capacity of the extra-mitochondrial factor also much influences the kinetics of Ca 2+ decrease. However, this parameter cannot be easily evaluated in the experiments given the large amount of uncontrolled Ca 2+ buffers as, for example, the membrane-bound proteins. We found, however, that a good approximation of this buffering power (f em in Eqn 1) is provided by the ratio between the observed increase in the Ca 2+ concentration in the medium and the amount of added Ca 2+ . We next addressed the question of cell specificity by comparing the behaviour of hepatic and cardiac mitochondria with respect to Ca 2+ handling. Cardiac mitochondrial Ca 2+ dynamics is much investigated both experimentally and with detailed mathematical models [13, [23] [24] [25] [26] . Here, we focused on the main differences with hepatocytes and on the simulations of Ca 2+ influx into mitochondria of permeabilised cells subjected to artificial, well-controlled Ca 2+ spikes with a minimal model. We first confirmed from a theoretical kinetics point of view that, as proposed previously [16, 31] , the specificity of the cardiac MCU can be accounted for by a lower level of expression (smaller value of V MCU ) and a decreased threshold for activation by Ca 2+ (smaller value of K 2 ). With these changes, and a specific expression for the mitochondrial Ca 2+ buffering in cardiac cells, the model can reproduce the frequency sensitivity of Ca 2+ increase in mitochondria. Interestingly, the detailed cardiac-specific kinetic expression for buffering is required to get agreement with observations in the case of cardiac mitochondria, while hepatic mitochondrial Ca 2+ dynamics can be reproduced both with the constant value of f m used in the simulation of Fig. 3 and with the expression given by Eqn 7 developed by Bazil et al. [13] for cardiac cells. This is probably due to the different types of experiments that are simulated: the mitochondrial Ca 2+ uptake is higher in the cardiac cells set-up, leading to the saturation of Ca 2+ buffering. In contrast, the medium bathing the mitochondria isolated from hepatocytes does not contain Na + (Fig. 3) , which prevents significant efflux from the mitochondria into the medium and thus makes the system rather insensitive to the level of free Ca 2+ in the mitochondria. Concerning Ca 2+ efflux, we found that some Na + -independent Ca 2+ efflux from mitochondria most probably occurs in hepatocytes. This probably reflects the activity of the HCX [9] . It also appeared that the CX activity in the membranes of cardiac myocytes is moderate in comparison with that in hepatic cells. This parameter value is in line with that proposed previously [11] .
At this point, it should be emphasised that in intact cells, the dynamics of mitochondrial Ca 2+ is also controlled indirectly by the rate of Ca 2+ exchanges between the cytoplasm and the ER. Thus, decreasing SERCA activity or increasing IP 3 receptor activity both lead to a faster Ca 2+ increase inside mitochondria [35] [36] [37] . These observations are reproduced by our model for intact cells [4] . Thus, mitochondrial Ca 2+ dynamics is regulated much more precisely in intact cells than in suspensions. Interestingly, the effect of SERCA on mitochondrial Ca 2+ changes is visible in permeabilised cells [35] . Other levels of complexity pertain to the modulation of the activity of the MCU by accessory [38] or uncoupling proteins 2 and 3 [36] and to the involvement of alternative mechanisms for Ca 2+ exchange between mitochondria and the cytosol. In particular, LETM1 has been shown to modulate mitochondrial influx and efflux, and in consequence, bioenergetics [39, 40] . In line with our previous study, we did not consider LETM1 in the model, mainly because of the ongoing controversy about its exact nature and its secondary role with respect to the MCU and the NCX [10] . However, how exactly LETM1 is involved in mitochondrial Ca 2+ dynamics remains an open question that should be considered in future modelling approaches. These questions are particularly relevant in pathological situations, especially cancer [36] .
We finally addressed the question of the possible impact of mitochondrial heterogeneity. Actually, the dynamics of [Ca 2+ ] em is quite sensitive to fluctuations in the rate of the MCU. However, if individual mitochondria of a population express different levels of the uniporter, the global effect on [Ca 2+ ] em will be very moderate but the impact on the intramitochondrial Ca 2+ dynamics can be significant. This effect is amplified by possible heterogeneities in the values of the other parameters (Fig. 7) and may be one of the reasons for the large range of amplitudes and rate of rises in [Ca 2+ ] m that have been reported [32, 33] . It should be noted, however, that the number of mitochondria in intact cells is highly variable, ranging from less than 10 to thousands and depends on many factors, as for example Ca 2+ signalling itself and the metabolic status of the cell [41, 42] . Moreover, it is known that the mitochondrial network connectivity affects Ca 2+ signalling [43] . Another key factor is the total volumic ratio of mitochondria. Interestingly, this ratio is especially high in cardiac cells, where the MCU is less expressed, two effects that have opposite effects on mitochondrial Ca 2+ increases but allow for a larger flexibility in the level of Ca 2+ -dependent metabolism in this cell type.
Material and methods

Materials
Dulbecco's modified Eagle's medium and Williams' medium were from Life Technologies (Invitrogen, Saint Aubin, France), and Collagenase A from Boehringer (Roche Diagnostics, Meylan, France). Other chemicals were purchased from Sigma (Sigma-Genosys, Sigma-Aldrich Chimie, L'Isle d'Abeau Chesnes, France).
Isolation of mitochondria from mouse liver
Mouse livers were washed by retrograde perfusion in situ with a sucrose Hepes buffer (250 and 20 mM, respectively) at pH 7.4. Livers were harvested and homogenised with an UltraTurrax (2000 r.p.m., 10 strokes), in the same medium at 4°C supplemented with 1 mM EGTA, 1 mM DTT and a cocktail of protease inhibitors (Invitrogen). The homogenate was centrifuged 5 min at 1500 g. The supernatant was then centrifuged 10 min at 8000 g to obtain the mitochondrial fraction. The mitochondrial fraction was washed one time in the measurement medium (sucrose 50 mM, succinate 10 mM, Tris 10 mM, creatine phosphate 5 mM, pH 7.2 at room temperature), and resuspended in the same medium. Mitochondrial protein concentration was determined with the BIORAD DC protein assay (Marnes la Coquette, France). Two millilitres of mitochondrial suspension (1 mgÁmL À1 proteins) was transferred into the cuvette of an Agilent Cary Eclipse Spectro fluorimeter (Les Ulis, France), at RT and under continuous magnetic agitation. Ca 2+ measurements were performed with Fluo-4 (2.5 lM, k em = 480, k em = 520 nm).
Scheme 1
J H;leak ¼ q 9 DW þ q 10 ðS6Þ
Detailed kinetic expressions of the fluxes appearing in the evolution equations of the model for mitochondrial Ca 2+ dynamics.
